This paper presents the results of an experimental study on the early age autogenous shrinkage of self-compacting mortars. Horizontal and vertical linear autogenous deformations are measured from the casting of the material to 48 hours of hydration. The effects of the curing temperature and setting retarder on the kinetics and magnitude of the deformations are analysed at 10, 20 and 30°C. The results show that the presence of set retarder leads to higher autogenous shrinkage, whatever the curing temperature. The combined effect of temperature and set retarding admixture on mortar's length change was found to be too "unsystematic" to be predicted by the traditional maturity concept.
INTRODUCTION
Self-compacting concretes are increasingly used in civil engineering buildings and structures. This growing interest is related to their very fluid character, which allows a faster and more economic casting and an improvement of the working conditions (reduction in the acoustic and vibratory harmful effects). It is the high proportioning in paste and admixtures which confers these particular rheological properties.
In hot weather, a set retarding admixture can be added to self-compacting concrete in order to minimize the thermoactivated acceleration of setting. As regards set retarding agent, there is up to now no recognized proportioning method. Hence, SCC containing setting retarder are designed most of the time according to admixtures supplier recommendations, which may likely not give the best cost/proportioning ratio. In this study, we quantified the effect of the presence of a phosphate-based setting retarder on the rate and the amplitude of autogenous strains with the concrete equivalent mortar (CEM) method [1] .
CEM method is based on the hypothesis of a correlation between the rheological properties of concrete and the ones of equivalent mortar. CEM composition is deduced from concrete composition: coarse aggregates are replaced by sand grains which present the same specific surface area, resulting in a diminution of the volume of aggregate. This method was used here to determine the composition of two self-compacting mortars (SCM) with and without setting retarder admixture.
Autogenous shrinkage of these SCM was studied in two directions with two different experimental systems. The horizontal linear autogenous shrinkage was measured with an improved experimental device based on displacement recording by waterproof non-contact eddy sensors [2] . Tests on cement paste presented in this paper were achieved in order to demonstrate the ability of this experimental system to measure very early age autogenous strains in isothermal conditions. It was then applied to the determination of autogenous shrinkage of the self-compacting mortars from the pouring to 48 h of hydration at 10°C, 20°C and 30°C. Setting retarder is usually not employed at low temperature (10°C) but the aim of these measurement series is the better understanding of the general behaviour of this type of admixture on a large temperature range. The results of the study point out the complex simultaneous actions of the setting retarder admixture and the curing temperature on the evolution of SCM's autogenous shrinkage.
MATERIALS AND MIXTURES INVESTIGATED

Cement paste
The cement paste is prepared with a type I Portland cement with a Blaine surface of 3390 cm 2 /g and a Bogue's composition of 62% C 3 S, 11% C 2 S, 8% C 3 A and 8% C 4 AF. Tap water and cement are mixed during three minutes in a 5-L mixer in conformity with European standard (EN 196-1).
2.2
Self-compacting mortars (SCM) The compositions of the two SCM are given in table 1. The cement is of type I (CEM 1 52.5 N). Table 2 provides the mixing procedure for the preparation of the mortars. The mixing is made with the same 5-L mixer previously used. The limestone filler comes from Erbray (France). Its carbonate content is 98.4 %. Its specific surface and bulk density are 3970 cm²/g and 2714 kg/m 3 . 
DESCRIPTION OF THE TEST METHODS
During the tests, precautions are taken to ensure quasi-isothermal conditions in order to decouple pure physico-chemical effect from thermal effect caused by the hydration heat release. The materials are approximately 20°C at mixing. The test apparatus and specimens are then maintained in a thermostatic water bath during the whole measurement period. Three curing temperatures are successively imposed to the SCM samples: 10.5±1°C, 20.5±1°C and 30.5±1°C. In the following sections, they will be noted "10°C", "20°C" and "30°C" respectively.
3.1
Vicat setting time Initial and final setting times of SCM are measured according to the procedure described in the EN 196-1 European standards. The precision of the measurement is ± 10 min. For each SCM, three simultaneous Vicat tests are carried out to determine the average initial setting time. The specimens are maintained in the same thermostatically controlled water bath as the samples used for the measurement of the autogenous strains. The interface between the Vicat mould and the base is made watertight with silicone grease. The upper face of each Vicat specimen is level with the bath water surface and protected with a polyane film to avoid water evaporation.
3.2
Chemical shrinkage Chemical shrinkage tests are achieved on the two SCM at 20°C, using a gravimetric method. The detailed description of the apparatus and the experimental protocol can be found in [3] .
3.3
Horizontal and vertical linear autogenous shrinkage The linear autogenous deformations of cementitious matrices are measured in horizontal and vertical directions. The experimental systems are composed of a ringed flexible PVC membrane filled with fresh cement paste or mortar (see figures 1 and 2). This method is inspired by the dilatometer developed by Jensen and Hansen [4] , which used low density polyethyelene (LDP) corrugated tube as specimen container for the measurement of early age autogenous deformations. In this study, PVC moulded membranes have been preferred to LDP tubes because of their lower stiffness. Precautions are taken to avoid the introduction of air bubbles during the casting of the material. The membrane is then sealed with PVC caps and positioned on a rigid frame.
For the horizontal device, two non-contact sensors are placed at each end of the frame. The sensors are waterproof eddy-current transducers. This characteristic is important because it makes it possible to maintain the experimental device under water and keep the sample in quasi-isothermal conditions.
For the vertical test device, the length changes are measured by a laser sensor located at the top of the experimental system. This transducer is not waterproof: only the lower part of the frame and the membrane filled with cement-based material are immersed in water during the test. 
4.
RESULT ANALYSIS
Cement paste
The uniaxial deformations of a low water-to-cement ratio cement paste (W/C= 0.25) have been measured with the horizontal test apparatus in order to quantify the ability of the new device to measure autogenous shrinkage of cementitious systems at very early age [2] .
The results obtained with the horizontal setup are presented in Figure 3 . It shows a very good repeatability of the displacement signal given by the two sensors located on both sides of the sample. After 20 minutes of test in the thermostatic water bath, the specimen temperature is stabilized at 20±1°C.
Three main phases can be distinguished on the autogenous shrinkage curve of the cement paste: the first phase, from 0 to about 4h, is generally attributed to chemical shrinkage (Le Chatelier's contraction), the second phase is a knee-point, which leads to a more slowly phase dominated by self-desiccation deformation. We will see that this three-step evolution is also observed on SCM autogenous shrinkage. 
tests in both rate and amplitude reached by the autogenous shrinkage curve of the two specimens. In the following of the article, the curves of horizontal autogenous shrinkage are average curves calculated from two test results. For the vertical autogenous shrinkage, only one test is carried out for each mortar's composition at a given curing temperature. The autogenous strains are initialized at 1 h after the first water-cement contact in order to eliminate the effect of thermal contraction or dilation due to the immersion of the fresh mortar specimen in the thermostatic bath. The evolution of both horizontal and vertical linear shrinkage of the SCM is provided on Figures 5 and 6 , respectively, for different curing temperatures. These figures show that the vertical deformations are very largely higher than the horizontal ones. The principal cause of this difference could be the sedimentation of the material under the effect of gravity during the first hours following the making of the mortars. Moreover, it is observed that the majority of the deformations develops during the "fluid" period of material, situated before the setting. This phase is dominated by chemical shrinkage (Le Chatelier's contraction) [5] . After the setting, the deformations, dominated by the self-desiccation of the material, remain very weak until the end of the test period.
In a general way, the presence of setting retarder is at the origin of an increase in the autogenous shrinkage of mortars at very early age. Basic research on the effect of set retarding agent has shown that they slow down the rate of early hydration of C 3 S and C 3 A by extending the length of the dormant period (i.e. the second stage of hydration) [6] . Thus the setting time of Portland cement, as measured by the Vicat test, is extended (see table 3 ). It means that the time period of autogenous strains dominated by Le Chatelier's contraction will be longer in presence of set retarder as shown in Figure 7 . The solid skeleton forms more slowly and the knee point appears later: it results in higher strain amplitude of the mortars containing set retarder. The influence of the curing temperature is more delicate to interpret. For the mortars without setting retarder, increase in temperature induces lower amplitude of both horizontal and vertical autogenous strains measured at 48 h of hydration (see figures 5 and 6).
The temperature increase does not change significantly the initial slope of the horizontal strain curves and leads to lower initial slope of the vertical strains curves. Moreover, from the crossing analysis of the figures 5 and 6 and the results of table 3, one could deduce that the temperature increase accelerates the formation of the mineral skeleton and reduces, in the same time, the period of Le Chatelier's contraction and the 'ultimate" shrinkage value. These observations are quite surprising since previous research works on cement pastes have shown that the initial slopes of chemical shrinkage [3] and autogenous strains [7] greatly increase when the curing temperature increases. A larger experimental analysis of the physicochemical interactions between the different constituents of the mortars (VEA, Sp, limestone filler, cement) seems essential to clarify the results obtained.
In the case of mortars containing setting retarder, into vertical configuration, the increase in temperature from 10 to 30°C results in an augmentation of the autogenous shrinkage rate as shown in figure 5 , whereas into horizontal configuration, the 30°C curve is located between the curves at 10 and 20°C (see figure 6 ). Once again, this result is probably due to complex interactions between curing temperature and setting retarder. The unsystematic behaviour observed might also depend on artefacts of the measuring method. Indeed, the observation that the measured shrinkage is higher in the vertical setup suggests that possibly some settlement was not measured as shrinkage by the horizontal setup.
The question of the use of the maturity principle for the prediction of the volume changes of mortars has thus to be discussed.
CAN THE MATURITY PRINCIPLE BE APPLIED?
The maturity principle is a macroscopic model, which allows estimating the influence of temperature on the properties of cement-based matrices: it consists in decoupling the effect of time and temperature on the evolution of these properties by defining an equivalent age. The equivalent age corresponds to the time during which a concrete has to be kept at a reference temperature (generally 20°C or 293K in the European standards) to reach the same maturity as under real curing conditions. It is expressed as [8] :
Where E a is the apparent activation energy of the hydrating material (J mol -1 ), R the constant of perfect gas (8.314 J mol -1 K -1 ), T the curing temperature (K), T ref the reference temperature (293 K).
This concept was recently applied successfully to describe the thermal effect on the evolutions of mechanical resistance [9] , amount of hydration heat released [10] or Vicat setting times [11, 12] . Its relevance for the prediction of autogenous deformations is more problematic.
On one hand, for cement pastes, Turcry et al. [12] defined a temperature range for which this principle can be applied by considering the use of two apparent activation energies (one for the period before setting and the other for the setting period and beyond). From the measurement of deformation rate of cement paste specimens, submitted to stepped change of temperature, Jensen and Hansen [7] managed to compute an apparent activation energy of autogenous shrinkage for each temperature change. On the other hand, for high performance concretes, Bjøntegaard [13] and Lura et al. [14] obtained a variable effect of temperature on autogenous deformations depending on cement type, concrete's composition and thermal history submitted to the material. The principle of maturity is then not sufficient to predict the effect of temperature on autogenous volume change of those concretes.
For the mortars investigated in this study, the temperature has a quite unsystematic effect on the amplitude of vertical and horizontal length changes at very early age (see Figure 8 ). This result does not allow the application of the traditional concept of maturity based on single apparent activation energy value. 
CONCLUSIONS
Two experimental assemblies were used to quantify the evolution of both vertical and horizontal early age autogenous shrinkage of two self-compacting mortars (SCM) at different isothermal curing temperatures. The analysis of the results shows that: -There is an important difference between the horizontal and the vertical responses of the material: sedimentation and bleeding of the SCM can partly explain this observation, -
The use of setting retarder causes an important increase in the horizontal and vertical length changes of the hydrating mortars. This effect was interpreted as the extension of Le Chatelier's contraction resulting from the deceleration in the formation of the solid skeleton. Beyond the setting, the deformations due to the self-desiccation of the mortars remain very weak until the end of the investigation period, -
The temperature effect varies according to the curing temperature range considered and the mortar's composition. Taking into account this result, the traditional concept of maturity used to predict the influence of temperature on the evolution of the material properties seems difficult to apply. The main parameters of the evolution of autogenous shrinkage are the initial slope of the chemical shrinkage (and sedimentation), the setting time and the development of selfdesiccation within the hardening matrix. The autogenous shrinkage tests can only give the macroscopic and global result of interactions between these different parameters. The complexity of the driving mechanisms at the origin of autogenous deformations requires additional tests (hydration degree and capillary pressure tests, for example) in order to propose a more sophisticated model describing the combined effects of temperature and setting retarder, particularly in the case of cementitious systems containing important amounts of admixtures.
